Earthquake instability models have possible application to earthquake forecasting because the models simulate both preseismic and coseismic changes of fault slip and ground deformation. In the forecast procedure proposed here, repeated measurements of preseismic fault slip and ground deformation constrain the values of model parameters. The early part of the model simulation corresponds to the available field data, and the subsequent part constitutes an estimate of future faulting and ground deformation. In particular, the time, location, and size of unstable faulting are estimates of the pending earthquake parameters. The forecast accuracy depends on the model realism and parameter resolution. 
INTRODUCTION
Current methods for using time-dependent geophysical data to estimate the time of a future earthquake fall into two groups. Methods of the first group relate the earthquake time to the time of trend changes in data, for example, rate increases of seismicity, radon emanation, or ground deformation. Methods of the second group relate the earthquake time to proximity of some measure of fault stress or slip deficit to a critical value. Although several of these methods appear to have led to a few successful predictions, none have proved to be generally reliable. The reasons for the limited success are unclear but probably include uncertain relation between the observations and the earthquake-generating process, inappropriate choices of trend changes or critical values, and sparse and imprecise observations. We propose another forecast method which combines a theoretical mechanical model for earthquake instability [e.g., Rice, 1980; Stuart, 1979a] with repeated measurements of ground deformation made before the earthquake. The method exploits the fact that instability models, unlike conventional strain accumulation models, simulate both slow aseismic faulting before an earthquake and the sudden fault slip during an earthquake. The essence of the method is the adjustment of model parameter values so that the observed deformation versus time curves match the appropriate preinstability section of theoretical curves provided by the simulation. The continuation of the theoretical curves, corresponding to future
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Paper number 4B1214. 0148-0227/85/004B-1214505.00 times, is equivalent to a prediction of ground deformation. The time of instability, if instability is possible, is an estimate of the earthquake time. Said differently, the instability model provides curves for extrapolating observed ground deformation into the future. The forecast accuracy will depend on the accuracy (physical realism) of the mathematical model and the ability of field measurements to resolve the model parameters. To be accurate, the model must adequately represent the geometry and constitutive properties of each field area where a forecast is to be attempted. This strategy, of course, is just the faulting analog of numerical methods for weather forecasting in which synoptic data are the initial conditions for time integration of the equations describing atmospheric flow.
We apply the procedure to attempt a forecast of the next moderate (M L = 5.5-6) earthquake on the San Andreas fault near Parkfield, California. Parkfield is well suited for testing the procedure for three reasons. First, the fault geometry is well known from surface mapping [Brown, 1970] , fault creep measurements [Schulz et al., 1982] , and seismicity distribution [Buhr and Lindh, 1982] . Second, according to McEvilly [1979, 1984] , at least five earthquakes of similar magnitude and epicenter have occurred at 21 __+ 8 year intervals (1881, 1901, 1922, 1934, 1966) , and, by extrapolation, the next is due about 1987. Third, because of the 1966 earthquake and anticipation of the next one, the Parkfield area has become heavily instrumented for geodetic and seismological measurements. With available data, the proposed forecast procedure cannot reduce the uncertainty of the 1987 date, but the model predicts detectable accelerating fault slip and ground deformation starting about one year before the next earthquake. At that time the procedure may give a more precise estimate of the earthquake time than use of the recurrence interval alone.
We note that earthquake instability models are consistent with principles of mechanics and in broad agreement with the main observed features of seismic and aseismic faulting but that only one model has been tested with ground deformation data associated with a specific earthquake. In that study, Stuart [1979b] found that the theoretical ground uplift agreed with uplift observed during the 6 years before the 1971 San Fernando, California, earthquake, a magnitude 6.4 event.
Thus the analysis in this paper should be viewed as both a partial test of a particular strain-weakening instability model and as an application of the model to earthquake forecasting. INSTABILITY 
MODEL

Qualitative Model
We first describe a qualitative version of the instability model, briefly justifying its features with field data and theoretical results, and then present the boundary value problem.
The qualitative model, shown in Figure 1 , is essentially the model of Wesson et al. [1973] , though they did not consider instability explicitly or pose and solve a boundary value problem. In its mathematical form, the model is a generalization to three dimensions of two-dimensional models for unstable slip on vertical strike-slip faults [Stuart and Mavko, 1979] and dipping thrust faults [Stuart, 1979b] . The fault zone, represented by a flat vertical plane of discontinuous displacement, is assumed to be made of brittle areas or patches of relatively high strength rock surrounded by weaker intervening areas. The remaining crust, represented by an elastic half space, transmits the remotely applied shear stress •:r, which approximates regional forces that increase with time. The regional stress •:r causes the weak portions of the fault to slip, but, at least initially, the strong patches resist slippage. Both z • and the dislocation stress caused by fault slip load the patches and cause the half space and its surface to deform. Recurring unstable failures of the middle patch produce moderate earthquakes like the 1966 event and its predecessors.
The much longer lobe-shaped patch on the right in Figure 1 is assumed to be so strong that the fault is effectively locked. This assumption is consistent with fault creep and geodetic data [Slawson and Savage, 1983 ] which indicate that this section of fault has not slipped since the 1857 Fort Tejon earthquake, a magnitude 8.3 event [Sieh, 1978] . Thus the right patch is locked for the model simulation, and the model does not allow for failure of the middle patch inducing failure of the right patch. In a more general instability model, failure of the right patch could produce large earthquakes such as the 1857 earthquake. Smaller patches like the one on the left at the 1966 focus may exist as well but cannot be located with any confidence. Under increasing •:r, patches for moderate earthquakes initially impede the southward flow of vertical edge dislocations on the San Andreas fault. When the patches fail, the dislocation pileups advance to or perhaps a few kilometers into the 1857 locked section. Alternatively, one can think of the creeping section north of Parkfield as a stress-free crack whose southern tip periodically advances and retreats.
We show below that the location and size of the middle patch are consistent with the relatively low rates of nearby fault creep and lengthening of a trilateration line measured after 1970. The patch also coincides with the location of maximum slip during the 1966 earthquake, in agreement with the computed result that unstable slip is maximum near the patch center.
Seismicity patterns on the fault may also be interpreted as being consistent with the same patch location and geometry, though the arguments are less persuasive because the mathematical model does not produce the numerous small instabilities corresponding to small earthquakes. 
Boundary Value Problem
We now consider the fault geometry, the patch stress-slip law, instability, and fault stress equilibrium of the mathemat- The peak stress of the patch is assumed to vary on the fault plane such that the strength is maximum at the patch center and decreases smoothly with distance from the center. At a sufficiently large distance from the patch center, the peak stress is negligible and the fault slips freely at the lower yield stress regardless of the slip amount.
A simple analytical form that has the above properties is where r •c is shear stress ryx that resists fault slip u, S is maximum peak stress which occurs at the patch center (x0, z0), and ax and az are characteristic patch radii in the x and z directions. The first two Gaussian terms in (1) multiplied by S describe the variation of peak stress with position; a,, > az corresponds to a patch elongated along strike. The last Gaussian term in (1) describes the initial slip hardening (u < 0) and subsequent slip softening (u > 0) of the fault at a position (x, y) on the fault; a, is a characteristic slip during which the fault stress drops by S during failure. There is no loss of generality in defining the origin for the u axis to be at the peak stress because other origins correspond to adding a constant to the regional stress.
In later discussion it will be convenient to describe shrinkage of the patch in terms of motion of the patch edge. The edge is defined to be the locus of points on the fault where u = 0, i.e., where the patch is at peak stress. Where u < 0, the patch is unfailed, and where u > 0, the patch is failing or has already failed.
The reasons for assuming equation (1) parameters is to find the subspace of all parameter values that gives theoretical relative rates within a standard deviation of observed relative rates. It is sufficient to consider only the three parameters z0, a,, = az, and S/a u because they can counteract one another to produce relative rates close to the best case rates in Table 1 . x0 is constrained to be between 7 and 9 km by creep rates at XPK1 and XDR1, which are low in comparison with the regional northwest-southeast variation along strike. The same two creep rates also constrain the patch shape a,,/az to be between about 0.4 and 2.0. The bottom end of a vertically elongated patch cannot be resolved by the data, and so the patch is perceived to be circular. A patch more than 2 times wide as tall violates the data. The elliptically shaped envelopes in Figure 6 Figure 7b , the overall rate of fault slip has increased, but in the unfailed patch itself the slip rate remains low. An irregular region of high slip rate borders the reduced area of unfailed patch. At the end of the precursor stage and just before instability, Figure 7c , the slip rate around the patch has doubled, and the unfailed patch has collapsed to about 2-km radius. As in Figure 7b , the locus of maximum fault slip rate is at the lower left edge of the patch. The position of maximum fault slip acceleration, obtained from a higher-resolution simulation using ,•r increments of 0.01 bar instead of 0.05 bar, is marked by the square at 7-km depth in Figure 7c . This position is interpreted to be the analog of the earthquake focus because it is where stress waves would be generated first ir$ a fully dynamic model. Unstable fault slip is shown in Figure 7d . The maximum slip of 308 mm occurs about 2 km from the patch center, decreasing t•o about 50 mm at 10-km distance. Unstable slip is nonzero everywhere on the nonlocked fault plane because postinstability fault stress is essentially zero.
The evolution of shear stress on the fault plane reflects the increasing stress concentration on the decreasing p.atch area. Table 2 are accurate but imprecise. That is, the numerical values are nearly correct, but the error bars are large. Then the new data will follow the theoretical curves in Figures 4 and 5 , but the resolution of the parameter values and the earthquake time will increase. In other words, the envelopes of acceptable solutions in Figure 6 will shrink. Another scenario is that the new data will still be consistent with the preliminary values of the first group of patch parameters, but that c•r•/c•t will differ from the Table 2 value. In this case, the theoretical curves will need to be stretched or compressed along the time axis until theory and observation agree. A third possibility is that the model is physically correct, but all parameter values are wrong. Finally, the model may be so inaccurate that theoretical and observed curves cannot be made to coincide by any combination of parameter values inside the envelopes of Figure 6 . Some model deficiencies might be the failure to account for pore fluid flow or time-and pressure-dependent fault properties. Other deficiencies could be that the regional stress rate changes with time, or that the magnitude and direction of principal regional stresses differ from simple shear. These differences could be caused by slip on nearby faults, for example, faulting related to the Coalinga earthquakes in May 1983 about 40 km north of Parkfield [Borcherdt, 1983] . Also, the model may need modification to include the fault bend near the epicenter, and the fault bends and offset near the XGH1 creepmeter.
CONCLUSIONS
We have outlined a procedure for using an earthquake instability model and repeated geodetic measurements to attempt an earthquake forecast. The procedure differs from other prediction methods, such as recognizing trends in data or assuming failure at a critical stress level, by using a selfcontained instability model that simulates both preseismic and coseismic faulting in a natural way. In short, physical theory supplies a family of curves, and the field data select the member curves whose continuation into the future constitutes a prediction. Model inaccuracy and resolving power of the data determine the uncertainty of the selected curves and hence the uncertainty of the earthquake time. In application to the pending moderate earthquake at Parkfield, the model and available field data are in good agreement overall. The near linearity of the field data imply large uncertainy of certain model parameters and of the earthquake time, but the model predicts departures from linearity before the earthquake. If observed, the preearthquake nonlinearity may increase the precision of the model parameters and the earthquake time. Future data will indicate the accuracy of the strain-softening patch model, and whether it needs modification for a more complicated fault law, such as the one suggested by Dieterich [1979] , or inclusion of viscoelastic deformation of the underlying mantle, as suggested by Li and Rice [1983] . Nonetheless, some form of accelerating fault slip occurs in all instability models and is to be expected at Park- Essentially, (A2) estimates Au• using the stress nonequilibrium and stiffnesses of the fault law and dislocation. The advantages of (A2) are that it is simple; it finds solutions near and at instability without modification, despite the opportunity for singularity in the right side; and it has no adjustable parameters to alter the convergence rate. Ground surface displacements, from which length changes of trilateration lines are easily calculated, are from analytic solutions [Chinnery, 1963] using u•, and the half space deformation due to z r alone. In all simulations the width of the 119 nearly equant cells varies from 2 km near the patch center to 18 km at greater distances. The regional stress step is Azr= 0.05 bar, and the solution error e,• is 0.001 bar.
